Introduction
The BCL-2 family is composed of critical cell death regulators that play roles in hematopoietic regulation 1 . Pro-apoptotic BH3-only members respond to death signals and activate the pro-apoptotic effectors BAX and BAK, which represent an obligate gateway to intrinsic cell death 2 . Anti-apoptotic members antagonize this process by binding and sequestering BH3-only family members and preventing BAX and BAK activation 3, 4 . Mcl-1, originally cloned as survival gene induced in a myeloid leukemia cell line, is an anti-apoptotic family member whose expression can inhibit cell death in response to a variety of death stimuli 5 . Conditional deletion of Mcl-1 has revealed requirements at several stages of hematopoietic and lymphocyte development and its expression is regulated in part by growth factor signaling 6, 7 . Thus, MCL-1 represents an important anti-apoptotic molecule for regulating the survival of hematopoietic populations.
Maintaining regulation of myelopoiesis is essential since myeloid cells are among the shortest lived blood cell lineages. For example, neutrophils and monocytes have halflives of 8-11 hours and 24-40 hours respectively in circulation leading to the need to replenish with newly produced bone marrow (BM)-derived cells 8 . Several studies have implicated various BCL-2 family members in regulating the apoptotic potential of myeloid cells. The anti-apoptotic molecule A1-a promotes the survival of neutrophils as granulocytes lacking A1-a undergo more spontaneous apoptosis than control cells in vitro 9 . Furthermore, inhibition of MCL-1 expression by anti-sense approaches led to the spontaneous apoptosis of cultured human neutrophils and macrophages implying an essential role for MCL-1 in promoting their survival [10] [11] [12] . Furthermore, MCL-1 only.
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Several pro-apoptotic BH3-only family members have been implicated in maintaining homeostasis during myelopoiesis. Deficiency in Bid has been reported to violate myeloid homeostasis eventually leading to a fatal malignancy 14 . However, Biddeficient mice do not exhibit overt alterations in myeloid populations until late in life and the phenotype may be background and/or environment dependent; suggesting that BID may play an indirect role in maintaining myeloid homeostasis 15 . Genetic ablation of
Puma renders a variety of cell lineages resistant to cellular stress and growth factor withdrawal, but Puma-deficient mice do not exhibit any overt abnormalities in myeloid homeostasis 16, 17 . In contrast, loss of Bim has been reported to double the number of circulating neutrophils and monocytes and renders them resistant to a variety of death stimuli 18, 19 . Therefore, evidence indicates that BIM is a critical pro-apoptotic molecule that modulates the sensitivity of myeloid cells to cell death.
Using a conditional allele of Mcl-1, we have tested the role for MCL-1 in myeloid development and function. These results extend and redefine those of He and colleagues that reported the requirement for MCL-1 in mediating neutrophil, but not macrophage survival 20 . We demonstrate that myeloid-specific deletion of 
Materials and Methods

Mice.
Mcl-1 conditional and Bax conditional Bak -/-mice (both made in RW4 ES cells and maintained on 129/B6 mixed backgrounds) have been described previously 7, 21 . Mice bearing the conditional allele of Bim (made in RW4 ES cells and maintained on a 129/B6 mixed background) have been previously used to obtain germline Bim-deficient mice 21 .
Puma-deficient mice (made in E14 ES cells and maintained on a 129/B6 mixed background) have been described previously 16 . LysM-Cre mice, obtained from Dr.
Irmgard Foerster (University of Duesseldorf, Germany) are described previously and have been backcrossed to C57BL/6 more than 15 generations 22 . Conditional and LysM- and Bax and Bak could be deleted specifically in the myeloid lineage. All mice used in the present studies were 6-12wk old and maintained in specific pathogen-free conditions and littermate controls were used as negative controls. All mouse experiments were performed with the approval of the institutional animal care and use committee at St. Jude Children's Research Hospital.
Antibody staining and flow cytometry; fluorescence-activated cell sorting (FACS);
cytospins.
For cell surface staining, cells were resuspended in 2% FCS in PBS and labeled with anti-Gr-1 (BDBiosciences, Franklin Lakes, NJ) and anti-Mac-1 (CD11b) (BDBiosciences) and analyzed by flow cytometry (FACSCalibur, BDBiosciences).
Cytospins were performed using SuperfrostPlus slides (Erie Scientific, Portsmouth, NH) with a Cyto-Tek (Miles Scientific, Elkhart, IN). Cells were stained with DipQuick staining kit (Jorgensen Laboratories, Loveland, CO). Micrographs were acquired using Nikon ACT software (Nikon Inc., Melville, NY), a Nikon Eclipse E600 microscope equipped with a Nikon DXM1200 camera and Nikon PLAN APO objectives.
Induction of peritonitis.
For neutrophils, 1 ml of sterile 9% bovine milk casein (Sigma, St Louis, MO) in PBS containing 0.9 mM CaCl 2 and 0.5 mM MgCl 2 was intraperitoneal (IP) injected. 16 hours later, an additional dose was injected and 3 hours later peritoneal cells were collected in phosphate buffered saline (PBS) + 0.05% EDTA. For macrophages, 2 mls of 3% Brewer's thioglycollate (Sigma) was injected IP and incubated for 6 days. Following incubation, the mice were sacrificed and peritoneal cells collected.
Cytokine Treatment.
Emergency granulopoiesis was induced as previously described 23 . Recombinant human G-CSF (Amgen, Thousand Oaks, CA) was diluted in sterile PBS containing 1% lowendotoxin bovine serum albumin (BSA, Sigma). G-CSF was administered by subcutaneous injection using 250 μg/kg for 5 days. Control mice received an equivalent volume of 1% BSA in PBS in parallel treatments. For GCSF, M-CSF, and GM-CSF differentiation experiments, BM was cultured with or without 10 ng/ml cytokines (Peprotech, Rocky Hill, NJ). To determine the phenotype of the cultured cells they were stained for flow cytometry and assessment of cell death using Annexin-V-PE, Mac-1 (CD11b)-FITC, and Gr1-APC and histological analyses.
Peripheral blood and tissue isolation and automated blood counts.
Peripheral blood was collected in EDTA-coated tubes following retro-orbital puncture.
Blood counts were determined with an automated hematology analyzer (Forcyte Hematology Analyzer, Oxford Science, Oxford, CT). BM cells were harvested in IMDM containing 10% FCS by flushing with a 27G needle. Spleens were harvested and homogenized in RPMI1640 containing 10% FCS. BM and spleen cell suspensions were subjected to red blood lysis, washed, and stained as indicated.
Generation of Bone Marrow Derived Macrophage (BMDMs).
only. Despite being housed in a barrier facility in a sterilized microisolator cages, an increased incidence of infections were observed in mice with myeloid-specific Mcl-1-deletion. Local expansion resulted in severe dermatitis, rhinitis, adenitis, cellulitis, and otitis with extensive necrosis of subcutaneous tissue, resorption of underlying bone and bacterial colonization (Sup. Fig. 1A&B ). The inflammatory response was composed of lymphocytes, plasma cells, macrophages and eosinophils, but neutrophils were conspicuously absent from the inflammatory milieu.
To recruit inflammatory cells to the peritoneal space, casein (neutrophils) or thioglycollate (macrophages) were injected and the peritoneal exudate collected. Cells Myeloid lineages arise from the common myeloid progenitor (CMP) and granulocyte monocyte progenitors (GMP) sequentially 24 . It has been reported that LysMCre mice can exhibit some deletion in earlier hematopoietic progenitor populations 25 .
and MEP populations was undetectable indicating that the failure to develop mature neutrophils is not due to deletion in early myeloid progenitors, which are MCL-1-dependent (Sup. Fig. 1C ) 6 .
In littermate control mice, the predominant cells present in the BM are band neutrophils with thin ring-shaped nuclei and faint cytoplasm and mature, segmented neutrophils ( Fig. 2C ). However, in LysM-Cre-deleted mice mature, segmented only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From neutrophils were virtually absent; instead there was an expansion in myelocyte precursors and metamyelocytes (Table 2 and Fig. 2B ). Therefore, the failure to generate mature neutrophils seems to be due to the death of myeloid precursors in the BM at the stage of transition to mature, segmented neutrophil.
MCL-1 and Cytokine-Mediated Granulopoiesis
Colony stimulating factors promote the production and survival of myeloid lineages. For example, granulocyte colony-stimulating factor (G-CSF) is essential for only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From regulating the production of neutrophils from the BM by stimulating their mobilization into the circulation 26, 27 . As a result, G-CSF treatment is used clinically to treat neutropenia resulting from either myelosuppressive treatments or types of congenital neutropenia 28, 29 . Thus, we tested whether the neutropenia observed in Mcl-1-deficient mice could be overcome by daily administration of exogenous G-CSF 23 . Blood was analyzed after treatment for effects on the numbers and phenotype of circulating For Fig. 3 ). Analyses of protein lysates from Bim-deleted BMDMs demonstrate that LysM-Cre can delete the conditional Bim allele (Fig. 4A) . Surprisingly, myeloid deletion of Bim did not result in a dramatic increase in circulating myeloid cells (Table 1) . These data are distinct from data obtained in mice bearing a germline mutant (Table 2) . Thus, multidomain pro-apoptotic deletion during the late stages of myeloid differentiation does not lead to myeloid expansion similar to that observed in germline deficient mice 35 . These data suggest that when deleted after the precursor stages, a BAX-and BAK-independent mechanism may exist to control the homeostasis of mature myeloid lineages. (Fig. 5F ). These data demonstrate that neutropenia resulting from loss of Mcl-1 expression can be rescued by ablation of both Bax and Bak. Thus, these data suggest that loss of MCL-1 in neutrophil precursors results in death through the intrinsic death pathway requiring at least one multidomain pro-apoptotic molecule.
Mcl-1-Deficiency
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MCL-1 Regulated Apoptosis Induction by Effector Function in Macrophages
The phagocytosis and destruction of pyogenic bacteria by macrophages is an important host defense mechanism used to limit infection. Stimulation of Toll-like only.
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However, the process of engulfing bacteria can induce apoptosis suggesting that phagocytosis leads to an additional stimuli that promotes cell death [37] [38] [39] . Such apoptosis induced by macrophage ingestion of pyogenic bacteria is strongly reduced in Bimdeficient macrophages implying that BIM is the primary regulator of phagocytosisinduced cell death 36 .
Despite the expression of MCL-1 in wild-type macrophages, normal macrophage populations were detected in stimulated peritoneal cells or from in vitro BMDMs from LysM-Cre-deleted animals ( Fig. 1) . Therefore, we sought to address whether the lack of MCL-1 expression led to any functional consequences in the macrophage effector function. BMDM from littermate control or LysM-Cre-deleted mice were cultured with various ratios of live E. coli bacteria to macrophages for 2 hours after which extracellular bacteria were eliminated by Gentamicin treatment. Both wild-type and Mcl-1-deleted macrophages were capable of engulfing E. coli and inducing reactive oxygen species production indicating that loss of MCL-1 expression does not adversely perturb either of these processes (data not shown). The macrophages were incubated for an additional 4 hours after which cell death was assessed by Annexin-V and propidium iodide staining. To examine why MCL-1-deficiency would render macrophages more sensitive to apoptosis, we assessed the expression of MCL-1 in macrophages cultured with bacteria.
When wild-type macrophages engulf extracellular bacteria, MCL-1 protein expression is induced (Fig. 6C) . Such an induction of MCL-1 protein occurs concomitantly with the induction of pro-apoptotic BIM expression (Fig. 6C) . Thus, when Mcl-1 is deleted the macrophages may not be able to counter the increases in BIM expression and therefore undergo cell death. To test this hypothesis, we generated BMDM from mice in which both Mcl-1 and Bim were deleted and tested their sensitivity cell death induced by engulfing bacteria. While macrophages from mice lacking Mcl-1 were hypersensitive to phagocytosis induced apoptosis, macrophages deficient in both Mcl-1 and Bim were markedly more resistant (Fig. 6A&B) . Therefore, these data suggest MCL-1 levels may be increased to buffer the induction of BIM expression during phagocytosis and upon MCL-1 elimination a BIM-dependent death of the macrophage is promoted. For
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Bim was unable to rescue neutrophil survival. Although PUMA has not been implicated in regulating myeloid homeostasis, its deletion renders cells resistant to a variety of cellular stresses and combining Puma and Bim-deficiency has been shown to render lymphocytes dramatically resistant to cell death 31 . However, neither Puma-ablation nor co-deletion of both Puma and Bim was capable or rescuing the effects of myeloid specific Previously, He and colleagues also demonstrated that MCL-1 is dispensable for monocyte development; however, they did not observe any functional consequences to the loss of MCL-1 20 . In contrast, our data indicate that MCL-1 plays a previously unrecognized role in promoting the survival of macrophages carrying out effector function. Our data suggest that during phagocytosis, both MCL-1 and BIM are induced.
Mcl
In the absence of MCL-1, BIM-dependent death occurs leading to the aberrant apoptosis of the macrophage. Thus, Mcl-1-deficient macrophages may exhibit increased sensitivity to cell death induced by ingestion of bacteria due to their failure to counter BIM induction. Indeed, it has been proposed that the BIM induction observed in neutrophils, under situations in which no cell death is observed, may be due to the antagonism of only.
For 40 . Our data support this model as co-deletion of both
Bim and Mcl-1 effectively restores the death of macrophages to that of littermate controls.
Macrophages cultured with pyogenic bacteria ingest these bacteria to eliminate the pathogens. One consequence of phagocytosis is that it can activate the intrinsic apoptotic pathway and result in the death of the macrophage 36, 38, 39 . 
